Fischer-344 (F-344) rats differ from other common rat strains in that they fail to show any prefererence for NaCI at any concentration in two-bottle preference tests. Because 100 nM amiloride partially blocks the NaCI-evoked chorda tympani (CT) response in electrophysiological studies, we tested NaCI preference (0.068-0.273 M) in F-344 rats with and without 100 ^M amiloride solution as the solvent. A third group was tested with unadulterated NaCI solutions following CT transection. Amiloride had no significant effect on the NaCI preference-aversion function, whereas CT transection significantly reduced NaCI avoidance. These results suggest that the amiloride-sensitive component of the NaCI response is not necessary for F-344 rats to display avoidance of NaCI, but the entire CT input is.
Introduction
Sprague-Dawley, Wistar and some other rat strains prefer low-and mid-range concentrations of NaCI to water in two-bottle preference tests (e.g. Pfaffmann, 1952; Richter, 1956; Midkiff etal., 1985; Fregly and Rowland, 1992) . The Fisher 344 (F-344) strain differs in that these rats avoid all concen-trations of NaCI, even those maximally preferred by other rat strains (Midkiff et al., 1985) . This avoidance of NaCI was reversed to a preference following transection of the chorda tympani nerve (CT), which innervates taste buds on the anterior 2/3 of the tongue (Sollars e/ al., 1991; Sollars and Bernstein, 1994) . Transection of the glossopharyngeal nerve, which innervates about four times as many taste buds as the CT (Miller, 1977) , did not alter NaCI avoidance in F-344 rats, indicating that the change in preference behavior following CT transection was not a general consequence of taste bud denervation in this strain (Sollars and Bernstein, 1994) . Together, these findings prompted the hypothesis that the NaCI response of the CT nerve differs in F-344 rats compared with NaCl-preferring rat strains.
Electrophysiological studies have revealed that the CT response to NaCI in several species of rodents, including the rat, has at least two components: an amiloride-sensitive and an amiloride-insensitive component (Heck et al., 1984; Brand et al., 1985; DeSimone and Ferrell, 1985; Formaker and Hill, 1988; Ninomiya and Funakoshi, 1988; Hettinger and Frank, 1990) . Amiloride is an epithelial sodium channel blocker (Benos, 1982) that when orally applied partially suppresses the CT response to NaCI (e.g. Heck et al., 1984; Brand et al., 1985; DeSimone and Ferrell, 1985; Formaker and Hill, 1988) . The residual response to NaCI in amiloride-treated rats is presumably mediated by a transduction mechanism(s) distinct from the amiloride-sensitive sodium channel (Elliott and Simon, 1990; Ye et al., 1993; Stewart et al., 1997) . Either or both transduction pathways could potentially be involved in the uncharacteristic avoidance of low and mid-range NaCI concentrations demonstrated by F-344 rats. Bernstein et al. (1991) reported differences in the CT response of Wistar and F-344 rats. When the integrated response to NaCI (relative to a 0.5 M NH 4 C1 standard) was compared between strains, the F-344 rats were found to have a significantly larger response to NaCI across a wide concentration range. In addition, application of a wide range of amiloride concentrations (1-500 uM) caused a greater percent reduction in the NaCI response in F-344 rats than in Wistar rats. Amiloride does not affect sodium responses in the glossopharyngeal nerve (Formaker and Hill, 1991) . Hence, Bernstein et al. speculated that the greater amiloride-sensitive NaCI component of the CT response might underlie the greater NaCI avoidance behavior of the F-344 rats compared with other rat strains.
This hypothesis was recently buttressed by the observation that the postnatal development of amiloride sensitivity in the CT of the F-344 rat temporally corresponds with the appearance of the NaCI aversion in this strain (Schafe and Bernstein, 1997) . We wanted to test this hypothesis more directly by comparing the NaCI preference behavior of intact and CT-transected F-344 rats with rats tested with the NaCI solutions mixed with a high concentration (100 u.M) of amiloride. If the amiloridesensitive component of the CT response were critical in maintaining NaCI avoidance, then sufficient adulteration of the NaCI solution with amiloride should cause the reversal to a preference seen with CT transection, or at least cause a reduction in avoidance.
Materials and methods

Subjects
Twenty-four male F-344 rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN), ~60 days old, weighing 248-272 g at the start of the experiment, were used. Rats were individually housed in standard stainless steel cages and were given ad libitum access to tap water and Purina 5001 laboratory chow (Ralston-Purina, St. Louis, MO), except where otherwise noted. Food was given in pellet form initially, but was then given in powder form starting 4 days before the onset of preference testing. Light, temperature and humidity were automatically controlled in the colony room. All experimental manipulations were performed during the light phase.
[Due to a malfunction in the automatic timer, the animal room was in constant light for part of the testing phase. The problem was discovered and immediately fixed prior to the first test with 0.273 M NaCl. Although we cannot rule out that a change in the light cycle might have affected solution preference, because control rats were subject to these same environmental conditions, it is unlikely that our ability to detect differences among groups was compromised.]
Surgery
The rats were anesthetized with an i.m. injection of Ketaset (125 mg/kg) and Xylazine (5 mg/kg). Eight rats had the CT sectioned bilaterally (CTX group). The external auditory meatus was retracted with five blunted and curved hypodermic needles, and the tympanic membrane and CT were cauterized with a hand-held cautery unit (Roboz, Rockville, MD). We have found that cauterizing both the rim of the tympanic membrane and the CT substantially reduces the likelihood of nerve regeneration through the middle ear (unpublished observations). One rat in the CTX group exhibited a precipitous loss of body weight and was euthanized, leaving a sample size of n = 7. Rats from the other two groups (CON, control and AMIL, amiloride; n = 8 for both groups) had the tympanic membrane punctured but the CT left undisturbed. Following surgery the rats were placed back in their original cages where they remained for 4 days, and were then transferred to clean metabolism cages so urine output could be measured. The rats were given 16-17 days to recover, prior to the preference testing regimen.
Testing
Urine was collected over a 21 h period once the rats were transferred to the metabolism cages and continuing throughout the majority of the experiment. Urine volume, food intake and urinary sodium excretion were measured. Despite our precautionary measures, however, we found food spillage and the consequential contamination of urine samples to be a persistent problem in some rats, particularly in the CTX group. Therefore, the data regarding food intake and urinary sodium levels are not included. Preference testing occurred over 24 days. The rats received an ascending series of NaCl concentrations, with selected concentrations repeated at the end of the series to test for order effects (see Table 1 ). Rats in the AMIL group had 100 uM amiloride hydrochloride in the 'water' bottle and also as the solvent for the NaCl solution. Concentrations (0.034, 0.068, 0.137, 0.205 and 0.271 M) were chosen to match those used by Sollars and Bernstein (1994) . A preference test for 0.06 M sucrose was also conducted to determine if CT transection had nonspecific effects on gustatory preferences (see Table 1 ). Solutions were mixed fresh daily, using reagent grade chemicals (taste stimuli: Fisher Scientific, Orlando, FL; amiloride hydrochloride: Sigma Chemical, St. Louis, MO). In addition, all rats were always given a 2 day water-only test prior to a 2 day NaCl test, in which both bottles contained pure distilled water. The primary purpose of these water-only days was to minimize any potential cumulative effects of repeated amiloride exposure.
Stimuli were presented in two Pyrex graduated cylinders (~100 ml) which were wrapped in aluminum foil to prevent the potential degradation of amiloride by light. Solutions were available for 21 h, and were removed for 3 h while the bottles were weighed, cleaned and refilled, and other measures (previously described) were taken. The bottles were then returned with their side positions reversed to control for position preferences. Preference (amount of NaCl solution consumed divided by total fluid consumed and multiplied by 100) and intake (amount of NaCl solution consumed) for each day of the 2 day test was averaged to obtain overall preference or intake for the 2 day test (i.e. results from each day were weighted equally).
Data analysis
The preference, intake and urine volume data were analyzed using analysis of variance (ANOVA) procedures. Two-way ANOVAs were used to test for main effects of NaCI concentration, group treatment and their interaction. Simple effects were tested using one-way ANOVAs at specified levels and further group differences within this analysis were tested with Tukey's honestly significant difference (HSD) test. In certain cases, supplemental paired comparisons were conducted with the nonparametric Mann-Whitney Latest. This was done to buttress the findings of the parametric analyses by providing an additional assessment of group differences using a procedure that has less assumptions concerning the variance of the distributions in question. The conventional P< 0.05 level of statistical confidence was applied.
Histology
Immediately following the final preference test, the rats were deeply anesthetized with an i.p. injection of sodium pentobarbital and perfused with isotonic saline followed by 10% buffered formalin. The tongues were extracted and stored in 10% buffered formalin for at least 24 h at room temperature prior to histological analysis. The anterior tongue was soaked in distilled water for 30 min, dipped briefly in 0.5% methylene blue and rinsed with water. The lingual epithelium was then removed, placed between two glass slides and analyzed by an observer unaware of the surgical condition of the subject. The numbers of taste pores and fungiform papillae were quantified.
Results
Histology
Rats in the CTX group were found to have a significantly lower percentage of fungiform papillae containing a taste pore (4.37 ± 1.5%) than rats in the CON (95.16 ± 1.2%) or AM1L (86.41 ± 4.1%) groups [F(2,20) = 35.5, P < 0.00005], and no individual subject in the CTX group had >11.3% of the fungiform papillae containing a taste pore. The presence of a few taste pores following CTX is consistent with other studies (Whitehead et a!., 1987; St. John et ai, 1995) . Thus, regeneration of the CT did not appear to occur.
Sodium preference
On the second day of testing for 0.034 M NaCI, the left/right bottle positions were mistakenly not reversed. As a result, the data from this concentration were not included in the analysis. Preference for NaCI decreased as a function of concentration (Figure 1) . A two-way ANOVA indicated a significant effect of Group [F(2, 2<S) . At the 0.137 M concentration, the CTX group drank significantly more NaCI compared with the CON group (Tukey's HSD, P < 0.03), but not the AMIL group (P > 0.13). At 0.205 and 0.273 M, the higher NaCI intake of the CTX group reached statistical significance compared with both the CON and AMIL groups (all P-values <0.03). In no case did the CON group differ from the AMIL group on this measure. A nonparametric version of these paired comparisons indicated that the higher NaCI intake of the CTX significantly differed from the other two groups at the three highest NaCI concentrations. The NaCI intake of the CON and AMIL groups did not significantly differ as assessed by the Mann-Whitney (/-test. In several cases, preferences displayed during a retest of 0.068 and 0.205 M were reduced (Figures 3 and 4) . Specifically, the CON and AMIL rats showed a reduced preference for 0.068 M NaCI on the second exposure relative to the first [matched r-tests, CON: T{1) -6.2, P < 0.001; AMIL: 7X7) = 4.7, P < 0.003]. The CTX group, however, did not reduce their preference for this stimulus [T(6) = 1.2, P > 0.29]. Preference for 0.205 M was reduced in the AMIL and CTX groups during the retest [matched Mests, AMIL: 7X7) = 2.7, P < 0.03; CTX: T(6) = 6.3, P < 0.001]. A reduction in preference in the CON group may have been obscured by floor effects (Figure 4) . (Table 2) . 
Urine volume
To determine whether amiloride had a diuretic effect, we compared the volume of urine excreted on the second day of four NaCI preference tests between the CON and AMIL groups. An ANOVA revealed no significant effect of Group [F(l,14) = 2.28, P > 0.15] or a Group by Days interaction [F(3,42) = 0.21, P > 0.88]. There was, however, a slight difference in total fluid intake between the groups [F(l,14) = 6.45, P < 0.03] that was not >3.8 ml greater in the AMIL group than the CON group on any day. Because there was a small difference in total intake, an ANOVA was also conducted on the difference between total fluid intake and urine output; it indicated no effect of Group [F(l,14) = 0.84, P > 0.37] nor a significant Group by Days interaction [F(3,42) = 0.02, P > 0.99]. In conclusion, the amiloride concentration used did not have obvious diuretic effects in the present paradigm.
Discussion
Despite the prominent amiloride sensitivity of the CT in F-344 rats, at least compared with Wistars (Bernstein et ai, 1991) , our results do not lend strong support to the hypothesis that the amiloride-sensitive NaCI transduction pathway is necessary for F-344 rats to avoid NaCI concentrations that are preferred by Wistar and Sprague-Dawley rats. In our study, 100 uM amiloride was mixed with both the NaCl and water stimuli for rats in the AMIL group. These rats showed no change in the preference-aversion function for NaCl (Figure 1 ), whereas rats that received CT transection showed a striking reduction in the avoidance of NaCl. Thus, it does not appear that the amiloride-sensitive component of the CT (and perhaps other nerves) is necessary in maintaining this avoidance, but the CT nerve as a whole is clearly necessary. In Wistar rats and in the golden hamster, oral application of amiloride selectively suppresses responsiveness to sodium salts in the narrowly tuned N-units of the CT compared with that seen in the broadly tuned H-units (Ninomiya and Funakoshi, 1988; Hettinger and Frank, 1990) . These H-units are broadly responsive to a variety of salts and acids, and quinine (Frank et al, 1983) . If the CT in the F-344 rat is organized similarly, then our results would additionally imply that N-units do not make a necessary contribution to the avoidance of NaCl by these rats. Our interpretation could be challenged if 100 uM amiloride were shown to have an aversive taste quality. Indeed, concentrations as low as 10 uM appear to produce a bitter taste quality in humans (e.g. Smith and Ossebaard, 1995) . If amiloride itself were unpalatable to F-344 rats, then this taste could counteract a hypothetical reduction in the aversiveness of NaCl. The possibility that an aversive taste of amiloride could have affected preference was controlled in this study, however, because amiloride was present in both the water and the NaCl solutions. In any event, it is interesting to note that amiloride may not have a potent taste in rats as is the case with humans. The fact that Sprague-Dawley rats were unable to form a taste aversion to 100 uM amiloride, despite three conditioning trials with a potent dose of LiCl, provides a strong argument against amiloride having a detectable taste to these animals see also Hill et al, 1990) . Moreover, water-deprived Long-Evans rats do not decrease their licking responses to amiloride-adulterated water (Bernstein and Hennessy, 1987 ) and hamsters do not avoid amiloride solution relative to water in a long-term twobottle preference test (Hettinger and Frank, 1990) . Until a similar study is conducted with F-344 rats, however, it remains possible that amiloride has a detectable and aversive taste to this rat strain.
Another concern is whether 100 uM amiloride is a high enough concentration to effectively block NaCl channels in F-344 rats. Bernstein et al (1991) found that a 100 uM pretreatment of the tongue caused a 60% suppression in the CT response to 0.5 M NaCl, a concentration of NaCl which is nearly double the highest concentration used in our study. Minear et al. (1996) reported a similar degree of suppression in F-344 rats when 0.1 and 0.3 M NaCl solutions were adulterated with 100 uM amiloride. Although it is not clear if larger amiloride doses would further attenuate the CT response to NaCl in F-344 rats, it is clear that a sizable portion of the neural response is eliminated by 100 uM amiloride.
In behavioral studies such as ours, amiloride can potentially affect taste receptors throughout the entire oral cavity. There is some evidence to suggest that the glossopharyngeal nerve does not contain an amiloridesensitive NaCl response (Formaker and Hill, 1991) , but the possible amiloride sensitivity of other nerves innervating rat taste buds (i.e. the greater superficial petrosal nerve or the superior laryngeal nerve) remains equivocal. Harada and colleagues (1997) reported that amiloride did not suppress the GSP response to NaCl, whereas Sollars and Hill (1997) found that it did. In Sprague-Dawley rats, 100 uM amiloride eliminates the behavioral discrimination between NaCl and KC1 at low-and mid-range concentrations (Spector et al., 1996) , whereas CT transection only attenuates performance on this task (St. John et al., 1997) . Based on this latter finding, Spector et al. (1996) concluded that amiloride-sensitive receptors might exist in taste receptor cells innervated by other gustatory nerves in addition to the CT. If this is the case in the F-344 rat, then our interpretation is still valid provided that the amiloride-sensitive signals from the CT do not have opposite effects on preference behavior compared with those of other nerves.
We confirmed previous reports that CT transection causes notable effects on the avoidance of NaCl in F-344 rats (Sollars et al, 1991; Sollars and Bernstein, 1994) . In those experiments, however, CT transection reversed the avoidance to a preference, whereas in the present study CT transection merely attenuated the avoidance. Furthermore, when rats in the CTX group were retested with 0.205 M NaCl, they demonstrated a pronounced avoidance of the stimulus. Subtle differences in procedure and the fact that the rats were obtained from different breeders could perhaps explain the differences in outcome between this study and the Sollars and co-workers studies (Sollars et al, 1991; Solars and Bernstein, 1994) . A reduction in avoidance and reversal to a preference are fundamentally different results, however, and in order to understand how the various NaCl-responsive afferents are contributing to the tastebased behavior of the animal, it will be important to investigate precisely what effect CT transection is having. For example, a reduction in avoidance could be explained rather simply as a decrease in the perceived intensity of the stimulus, whereas a reversal to a preference implies that a change in the qualitative features of the NaCl stimulus may occur after CT transection. The F-344 strain does not normally prefer NaCl at any concentration, and that is why a simple decrease in stimulus intensity cannot easily explain a preference reversal.
Transection of the CT does not affect preference for 0.06 M sucrose. This concentration was chosen because it is normally preferred by other rat strains, but is low enough that any subtle effects of nerve transection could be seen. This result indicates that the effects of CT transection on preference behavior in F-344 rats is somewhat stimulusspecific.
When the 0.068 and 0.205 M NaCl concentrations were retested after the initial ascending series of stimuli was completed, some differences were found, always in the direction of increased avoidance. At 0.O68 M NaCl, CON and AMIL rats had a significantly reduced preference relative to the initial test. This effect was not unexpected; rats become sensitized to the presentation of high concentrations of a substance and will subsequently show a heightened avoidance to lower concentrations. Such an effect can produce markedly different preference-avoidance functions depending upon whether an ascending or descending series is used (Rowland and Fregly, 1990; Fregly and Rowland, 1992) . It is notable that despite this effect, seen in the other two groups, the CT-transected rats did not significantly differ in the retest at this concentration. When 0.205 M NaCl was tested, the AMIL and CTX groups both showed a reduced preference in the second test, and it is likely that a floor effect prevented the same effect from surfacing in the CON group (Figure 4) .
It is clear from the experiments described here that CT transection substantially reduces the avoidance of low-and mid-range NaCl concentrations in F-344 rats. However, 100 uM amiloride did not mimic the effect of CT transection. This suggests that the amiloride-sensitive portion of the CT response to NaCl is not, in and of itself, necessary for F-344 rats to display NaCl avoidance, despite the fact that, electrophysiologically, these rats appear to have a more prominent amiloride-suppressible sodium response relative to the NaCl-preferring Wistar strain . It should be noted that Minear et al. (1996) found that amiloride, when mixed in the solutions, was equally effective at suppressing CT responses to NaCl in F-344 rats compared with Sprague-Dawley rats. The fact that rats of the latter strain, unlike F-344 rats, prefer low to midrange concentrations of NaCl further suggests that the preference behavior is not directly related to the amiloride sensitivity of the CT. Furthermore, F-344 rats are unlike hamsters, another species that avoids NaCl at all concentrations, because amiloride has been shown to reduce NaCl avoidance in that species (Hettinger and Frank, 1990) .
We close this discussion with a final caveat. The fact that amiloride did not significantly alter NaCl avoidance behavior in a long-term two-bottle test does not mean that it does not affect NaCl perception in this rat strain. The two-bottle preference test is not considered an optimal measure of taste function (see Grill et al., 1987) . More to the point, the taste-related aspects of the avoidance response in this kind of test depends on the animal's affective evaluation of the stimulus. It is possible that the discriminative features of the stimulus were altered by the amiloride, but it nonetheless remained 'unpalatable'. Given that stimulus adulteration by amiloride severely compromises performance in an operantly conditioned NaCl versus KC1 discrimination task (Spector et al, 1996) and impairs the expression of a sodium appetite (McCutcheon, 1991; Bernstein and Hennessy, 1987) in some other rat strains, there is reason to suggest that similar impairments might be observed in F-344 rats. Such a hypothesis remains to be tested.
